Repetitive nanoindentation tests offer a method to examine the time-dependent degradation mechanisms in coatings. In the case of coated systems for tribological and more specifically for erosion resistant applications, repeated indentation cycles can characterise their durability to repeated erodent impact. This paper reports preliminary observations on the response of 13-18 µm thick CVD boron carbide on tungsten carbide substrates to repetitive indentation cycles, at contact loads similar to those generated in previously reported solid-particle erosion tests on these coatings conducted by this laboratory [1] .
INTRODUCTION
The ability of instrumented indentation techniques (IIT) to determine mechanical properties of thin films and coatings is now well established. By virtue of its ability to provide continuous loading-unloading data, instrumented indentation techniques are also being employed to contact mechanics studies to understand material response at very small volumes, and is of great interest to the field of tribology.
However, almost all these studies have been restricted to a single indentation loading cycle and little research has been undertaken to examine the response of material systems to both repeated quasi-static indentation loading as well as repetitive impact-type indentation loading.
Cyclic indentations tests offer a method to examine the time-dependent degradation and delamination mechanisms in coatings. In the case of coated systems for erosion resistant applications, repeated indentation cycles can characterise their durability to repeated erodent impact.
Raju et al. [2] have recently studied the relation between coating integrity and forward and backward deviation of consecutive indentation p-h cycles for RF magnetron sputtered TiN, AlN and amorphous SiC coatings. Backward deviations in the p-h curves were observed when buckling or progressive delamination of the coatings occurred. The backward deviation resulting from an upward 'lift-off' of the coating from the substrate. A forward deviation simply represents continuing plastic deformation of the coating or of the coating and substrate. The presence of compressive residual stresses promotes delamination and buckling of the coatings. The p-h response observations were validated by AFM and SEM imaging.
EXPERIMENTAL DETAILS
The repeated quasi-static nanoindentation tests have been performed on 13 and 18 µm thick CVD B 13 C 2 , using nominally 100 and 200 µm (Micro Materials, Wrexham, U.K.) diameter spherical cap cone diamond indenters (ν= 0.07, E= 1141 GPa) at applied indentation loads between 1-10 N. The tests were performed on the NT 600 micro stage, in order to obtain the higher applied loads. The magnitude of compressive residual stress in an 18 µm coating was estimated to be ~1.5 GPa [3] .
The load range was chosen to generate quasistatic contact conditions comparable to those observed in the air solid-particle erosion tests (calculated using dynamic Hertzian impact conditions [3] ). A typical test consisted of ten indentation cycles, with 80 % unloading at each cycle. Figure 1 (a) and (b) show two typical cycles of 10 repeated indentations at 1 N for the 50 µm indenter on an 18 µm CVD boron carbide, when backward deviation of the P-h were seen, similar to the observations of Raju et al.. The P-h response is dominated by numerous displacement excursions. These perturbations indicate unstable penetration and lifting of the indenter, resulting from stick-slip between the indenter and CVD boron carbide as well as probable micro-cracking events during each cycle. The maximum Hertzian contact pressure for a 1 N indentation is 15 GPa, more severe than the maximum contact pressure generated in the air-solid particle erosion tests by impacting 310 µm glass erodents at 250 m/s (~9.5 GPa).
RESULTS AND DISCUSSION
For both indentation cycles in Figure 1 (a) and (b), the maximum penetration depth is <700nm (<4% of the coating thickness) and hence the indentation elastic-plastic field can be reliably assumed to be within the coating, i.e. there is no plastic deformation of the substrate. Although for both the indentation cycles, backward deviations were observed, the extent of delamination buckling is appreciable larger in 1(b), where the level of coating 'lift-off' is comparable to the plastic deformation at the end of the indentation cycle, resulting in an apparent 'zero-penetration'. In Figure 1 (a) however, the coating plastic deformation at the end of the indentation cycle considerably exceeds the level of coating delamination 'lift-off', and a positive plastic deformation depth of ~180 nm is observed. This indicates either a region of weak coating-substrate adhesion and/or a higher level local of compressive residual stress that triggers delamination in Fig.  1(b) . Further analysis on quantifying the level of backward (and forward) deviations for successive indentation cycles were performed and has been reported elsewhere [3] . The analysis was based on a deviation parameter proposed by Raju et. al., and was used to infer the level of delamination and compressive residual stress release for each indentation cycle.
To verify that the observed backward deviations are indeed a true response of CVD boron carbide on tungsten carbide and not a test artefact at this test condition, repetitive indentation cycles at 1 N on a single crystal tungsten (MaTeck Gmbh, Germany) that was also used for frame compliance calibration of the machine. Figure 2 shows two such repetitive indentation cycles. Consistent forward only deviations are observed, resulting from continuing plastic deformation, confirming that the backward deviations observed in the indentation cycles of CVD boron carbide are indeed a real behaviour and not a test artefact. 
CONCLUSIONS
Repetitive indentation tests can be successfully used to characterise the strength degradation and delamination mechanisms in CVD boron carbide under repetitive loading conditions. The results seemingly substantiate the mechanism of solidparticle erosion damage of CVD boron carbide previously proposed by the authors, where coating delamination accelerates erosion material loss by the lateral expansion of impact erosion pits [1] .
